The surprising finding of lower chloride permeability in neonate proximals compared with adults impacts net chloride transport in this segment, which reabsorbs 60% of the filtered chloride in adults. However, this maturational difference in chloride permeability may not be applicable to other species. The present in vitro microperfusion study directly examined the chloride and mannitol permeability using in vitro perfused rat proximal tubules during postnatal maturation. Whereas there was no maturational change in mannitol permeability, chloride permeability was 6.3 Ϯ 1.3 ϫ 10 Ϫ5 cm/s in neonate rat proximal convoluted tubule and 16.1 Ϯ 2.3 ϫ 10 Ϫ5 cm/s in adult rat proximal convoluted tubule (P Ͻ 0.01). There was also a maturational increase in chloride permeability in the rat proximal straight tubule (5.1 Ϯ 0.6 ϫ 10 Ϫ5 cm/s vs. 9.3 Ϯ 0.6 ϫ 10 Ϫ5 cm/s, P Ͻ 0.01). There was no maturational change in bicarbonate-to-chloride permeabilities (P HCO3/PCl) in the rat proximal straight tubules (PST) and proximal convoluted tubules (PCT) or in the sodium-to-chloride permeability (PNa/PCl) in the proximal straight tubule; however, there was a significant maturational decrease in proximal convoluted tubule PNa/ P Cl with postnatal development (1.31 Ϯ 0.12 in neonates vs. 0.75 Ϯ 0.06 in adults, P Ͻ 0.001). There was no difference in the transepithelial resistance measured by current injection and cable analysis in the PCT, but there was a maturational decrease in the PST (7.2 Ϯ 0.8 vs. 4.6 Ϯ 0.1 ⍀ ⅐ cm 2 , P Ͻ 0.05). These studies demonstrate there are maturational changes in the rat paracellular pathway that impact net NaCl transport during development. paracellular pathway; mannitol permeability THE ADULT PROXIMAL TUBULE reabsorbs over half of the filtered chloride (2, 5, 6, 18, 27, 28) . Active transcellular chloride is via the parallel operation of the Na ϩ /H ϩ exchanger and a Cl/base exchanger (5, 27). The other half of chloride transport by the proximal tubule is passive, paracellular, and in large part, dependent on the chloride permeability. Thus the characteristics of the paracellular pathway can have a substantive effect on NaCl transport by the proximal tubule.
paracellular pathway; mannitol permeability THE ADULT PROXIMAL TUBULE reabsorbs over half of the filtered chloride (2, 5, 6, 18, 27, 28) . Active transcellular chloride is via the parallel operation of the Na ϩ /H ϩ exchanger and a Cl/base exchanger (5, 27) . The other half of chloride transport by the proximal tubule is passive, paracellular, and in large part, dependent on the chloride permeability. Thus the characteristics of the paracellular pathway can have a substantive effect on NaCl transport by the proximal tubule.
Previous studies examining the maturational changes in paracellular permeability have been conflicting. In a study (17) where solutes were injected into the early proximal tubule of guinea pigs and the urine was collected from the ipsilateral kidney, recovery of sucrose and creatinine did not vary with age and were comparable to inulin. However, mannitol recovery increased from 92% at 1 day of age to 100% at 49 days of age (17) . Whereas these studies were indirect and assessed mannitol absorption, a sugar that is not actively transported along the entire nephron, these data were consistent with a more permeable paracellular pathway in neonates than in adults.
We have examined the permeability properties of the rabbit proximal tubule (23, 29) . We found that the neonate had lower proximal tubule chloride permeability, but there was no maturational difference in the mannitol permeability. In addition, neonate proximal tubules had a higher sodium-to-chloride permeability (P Na /P Cl ) and bicarbonate-to-chloride permeabilities (P HCO3 /P Cl ) than that of the adult proximal tubule. These studies are consistent with a maturational change in passive paracellular ion permeability, which could affect NaCl transport.
Our previous studies were performed using rabbit proximal tubules, because, traditionally, this has been the species used for the relative ease of dissection (23, 28) . It is unclear whether the findings in our studies in the rabbit had any general applicability to rodents or other species. Furthermore, the rabbit has limitations in the study of renal development, because they do not survive adrenalectomy, a procedure often used in studying postnatal development (14, 15) . In the present rat proximal tubule in vitro microperfusion flux study, we examine some of the developmental permeability properties in rats to determine whether our previous studies in rabbits have any applicability to other species.
MATERIALS AND METHODS
Animals. Sprague-Dawley rats were studied between 11-60 days of age. Neonate rats (11-18 days of age) were studied before weaning, and adult rats were all Ͼ30 days of age. Neonate rats were cared for by their mothers. This species was not used previously for in vitro proximal tubule microperfusion flux studies because of the fibrous interstitial tissue making dissection extremely difficult. However, the amount of interstitial fibrosis increases substantively as rats age and proximal tubules can be dissected in rats younger than 2 mo.
In vitro microperfusion flux studies. Isolated segments of midcortical and juxtamedullary proximal convoluted tubules (PCT) and proximal straight tubules (PST) were perfused as previously described for mice and rabbits (6, 7, 22, 26, 28, 29) . Briefly, tubules were dissected in HBSS containing (in mM) 137 NaCl, 5 KCl, 0.8 MgSO 4, 0.33 Na 2HPO4, 0.44 KH2PO4, 1 MgCl2, 10 Tris (hydroxymethyl) aminomethane hydrochloride, 0.25 CaCl 2, 2 glutamine, and 2 Llactate at 4°C without the use of collagenase. Tubules were transferred to a 1.2 ml temperature-controlled bath. The tubules were perfused using concentric glass pipettes at 38°C.
PCT were perfused at ϳ5 nl/min. Perfusion solutions and bathing solutions are described below. The osmolality of all solutions was adjusted to 295 mosmol/kgH 2O. The pH and osmolality of the bathing solution were maintained constant by continuously changing the bath at a rate of 0.5 ml/min. Net volume absorption (J V, in nl/ mm Ϫ1 ⅐ min Ϫ1 ) was measured as the difference between the perfusion (VO) and collection (VL) rates (nl/min) normalized per millimeter of tubular length (L). Exhaustively dialyzed [methoxy-3 H]inulin was added to the perfusate at a concentration of 75 Ci/ml so that the perfusion rate could be calculated. The collection rate was measured with a 50-nl constant-volume pipette. The length (in mm) and internal diameter (in m) were measured with an eyepiece micrometer. Tubules were incubated for at least 15 min before initiation of the control period.
In the first series of experiments, we examined mannitol permeability (P mann) in neonate and adult rat PCT. PCT were perfused with a solution containing (in mM) 10 mannitol, 110 NaCl, 30 Na gluconate, 5 NaHCO 3, 5 KCl, 1 Na2HPO4, 1.8 CaCl2, 1 MgSO4, 1 acetazolamide, and [
14 C]mannitol (15 Ci/ml). The bathing solution was a serum-like albumin solution containing (in mM) 115 NaCl, 25 NaHCO 3, 2.3 Na2HPO4, 10 Na acetate, 1.8 mM CaCl2, 1 MgSO4, 5 KCl, 8.3 glucose, 5 alanine, and 6 g/dl BSA heated to 38°C. We previously showed that under these conditions the rate of volume absorption was not different from zero (8, 22, 26) . P mann was calculated as previously described in our laboratory (22, 26) .
In the next series of experiments, we examined chloride permeability in neonate and adult proximal convoluted and straight tubules. Tubules were perfused at ϳ5 nl/min with a high-chloride solution simulating late proximal tubular fluid containing (in mM) 140 NaCl, 5 NaHCO 3, 5 KCl, 4 Na2HPO4, 1 CaCl2, and 1 MgSO4 and bathed in an identical solution. Tubules were cooled to 18°C to inhibit active transport. Lumen-to-bath chloride permeability was determined by the addition of 36 Cl to the tubular lumen (50 Ci/ml) using the following equation
where A is the area of the luminal area calculated from the internal radius and length, C* O and C * L are the concentration of 36 Cl (in counts/min Ϫ1 ⅐ nl Ϫ1 ) in the perfusate and bath, and VO and VL are the perfusion and collection rates.
In the next series of experiments, we measured the relative PNa/PCl and PHCO3/PCl in proximal convoluted and straight tubules from rats. PNa/PCl and PHCO3/PCl were calculated from the passive transepithelial potential difference due to imposed ion concentration gradients exactly as previously described in our laboratory (8, 23 ) and using similar methodology as used by others (10, 23, 31) . The transepithelial potential difference (PD; in millivolts) was measured using the perfusion pipette as the bridge into the tubular lumen. All bathing solutions contained 10 Ϫ4 M ouabain to inhibit any transepithelial potential difference generated from active transport. Tubules were perfused with an ultrafiltrate-like solution. The composition of the bathing solutions used to measure dilution potentials are shown in Table 1 .
Measurement of transepithelial resistance. Specific resistance (R m) was measured as described by Berry (9) and as we (23) have previously reported. Briefly, proximal convoluted and straight tubules from adult and neonate rats were perfused and bathed with HBSS at 38°C. Rat PCT were perfused with a double-barreled pipette made from theta glass (Hilgenberg Glass, Hilgenberg, Germany). One barrel of the pipette was used to measure the potential difference at the perfusion end (PD 0) and the other was for current injection (30 -60 nA) with the use of a Grass S44 stimulator (Grass Instruments, Quincy, Mass) via silver wire. The current injected was measured with a Keithley 617 programmable electrometer (Keithley Instruments, Cleveland, OH). A KCl/KNO 3 agarose bridge was also placed in the collecting end to measure the voltage deflection at the distal end of the rat tubule (PD L). The PD measurements were recorded on a Linseis, L6512B (Linseis, Princeton, NJ) two-channel chart recorder. The coupling resistance was determined by measuring the voltage deflections at the perfusion and collection ends with no tubule present. These voltage deflections were subtracted from the readings with the perfused tubule in place and are represented in the equations below by ⌬PD 0 and ⌬PDL for the corrected voltage deflection at the perfusion and collection ends, respectively.
Cable analysis was used to calculate the length constant (, micrometers), input resistance (R i, ohms), transepithelial resistance (RT, ohm centimeter), and the specific resistance (Rm, ⍀ ⅐ cm 2 ) according to the following equations (9, 20, 23)
where L is the tubule length, ⌬PD 0 and ⌬PDL are the corrected voltage deflections at the perfusion and collection ends, I0 is the input current, and is the solution resistivity. The was measured using a conductance meter (Yellow Springs Instruments, Yellow Springs, OH) and was found to be 63.3 ⍀ ⅐ cm 2 at 38°C. There were at least three measurements of each parameter in each period in flux studies. The mean measurement of volume absorption and permeability was used as the rate or permeability for that tubule. Student's t-test for unpaired data was used to determine statistical significance. Data is expressed as means Ϯ SE.
RESULTS
In the first series of experiments, we examined mannitol permeability in neonate and adult rat PCT. Mannitol is a sugar that is neither metabolized nor actively transported by the proximal tubule. The mean tubular lengths were 0.5 Ϯ 0.1 and 0.7 Ϯ 0.1 mm in adult and neonate groups, respectively (P ϭ ns). The perfusion solution was designed to produce a volume absorption rate of zero to eliminate transport by solvent drag in tubules bathed in a serum-like albumin solution (26) . The rate of volume absorption was Ϫ0.05 Ϯ 0.05 and 0.01 Ϯ 0.03 nl/mm Ϫ1 ⅐min Ϫ1 in the adult rat and neonate rats, respectively (P ϭ ns). The mannitol permeabilities in the two groups are shown in Fig. 1 . As can be seen, mannitol permeability in the adult and neonate groups was not different.
In the next series of experiments, we examined whether there was a maturational change in chloride permeability in rat PCT. Neonate tubules were slightly longer than adult tubules (0.7 Ϯ 0.1 vs. 0.5 Ϯ 0.1 mm, P Ͻ 0.05). Neonate PCT was perfused and bathed in identical solutions at 18°C. Neonate PCT had a Jv of 0.09 Ϯ 0.07 nl/mm Ϫ1 ⅐min Ϫ1 and adult PCT had a Jv of Ϫ0.04 Ϯ 0.10 nl/mm Ϫ1 ⅐min
Ϫ1
, both not different from zero. The 36 Cl permeabilities, however, were significantly different as shown in Fig. 2 . Adult PCT had a chloride permeability far greater than that in neonates (P Ͻ 0.01).
We also measured chloride permeability in neonate and adult PST. We studied six neonate and eight adult tubules. Neonates and adult PST had a length of 0.5 Ϯ 0.1 mm. The rate of volume absorption was 0.16 Ϯ 0.13 nl/mm Ϫ1 ⅐min Ϫ1 in neonate tubules and 0.02 Ϯ 0.07 nl/mm Ϫ1 ⅐min Ϫ1 in adult PST, both not different from zero. Chloride permeability was 5.1 Ϯ 0.6 ϫ 10 Ϫ5 cm/s in the neonate and 9.3 Ϯ 0.6 ϫ 10 Ϫ5 cm/s in the adult proximal straight tubule (P Ͻ 0.01). Thus there is a maturational increase in chloride permeability in this segment as in the convoluted tubule.
Fig. 2. A:
36 Cl permeability in neonate and adult perfused PCT. Tubules were perfused and bathed in a high Cl solution simulating late proximal tubular fluid at 18°C to inhibit active transport. PCl was significantly higher in adult PCT than in neonates. B:
36 Cl permeability in neonate and adult perfused proximal straight tubules (PST). PCl was significantly higher in adult PST than in neonates. Fig. 3 . A: PNa/PCl in neonate and adult PCT. PNa/PCl was measured using dilution potentials with bathing solutions that contained 10 Ϫ4 M ouabain to inhibit active transport. PNa/PCl was significantly higher in neonate than adult tubules as has previously been found in the rabbit. B: PNa/PCl in neonate and adult PST. PNa/PCl was comparable in neonate and adult PST.
In the next series of experiments, we measured the potential difference generated by imposed ionic gradients to determine the P Na /P Cl in neonate and adult PCT. As shown in Fig. 3 the P Na /P Cl was almost twofold greater in the neonate than that of the adult proximal convoluted tubule, whereas there was no difference in the P Na /P Cl in the proximal straight tubule. There was no difference in P HCO3 /P Cl in neonate and adult proximal convoluted and straight tubules as shown in Fig. 4 .
In the final series of experiments, we used current injection and cable analysis to measure transepithelial resistance. As shown in Fig. 5 , there was no difference in the resistance in neonate and adult PCT. However, the resistance of the neonate proximal straight tubule was greater than that of the adult segment.
DISCUSSION
The proximal tubule receives the glomerular ultrafiltrate and reabsorbs two-thirds of this fluid in a nearly isosmotic fashion. There is preferential reabsorption of organic solutes and bicarbonate over chloride ions, which leaves the late proximal tubule fluid with a composition significantly different from the initial ultrafiltrate (19, 24) . The luminal fluid delivered to the late proximal tubule has a higher chloride concentration and lower bicarbonate concentration than the peritubular plasma.
This transport process provides the opportunity for passive chloride transport along the full length of the proximal tubule. The early proximal tubule has a lumen negative potential difference generated from sodium-dependent active reabsorption of glucose. This leaves the lumen with a negative potential difference and a driving force for either chloride absorption or sodium secretion across the paracellular pathway. The relative paracellular flux is dependent on the P Na /P Cl . The higher the P Na /P Cl , the more sodium will be recycled and the less net NaCl chloride will be reabsorbed. The neonate rat proximal convoluted tubule has a higher P Na /P Cl , which does not facilitate passive chloride transport to the same extent as that of the adult tubule by this mechanism.
The late proximal tubule also has the potential for passive chloride transport due to the fact that the luminal chloride concentration is higher than that of the peritubular plasma. The   Fig. 4 . A: bicarbonate-to-chloride permeabilities (PHCO3/PCl) in neonate and adult PCT. PHCO3/PCl was measured using dilution potentials with bathing solutions that contained 10 Ϫ4 M ouabain to inhibit active transport. PHCO3/PCl was comparable in neonate and adult rat PCT. B: PHCO3/PCl in neonate and adult PST. PHCO3/PCl was comparable in neonate and adult rat PST. luminal bicarbonate concentration, on the other hand, is far lower than that in the peritubular plasma, which could result in net bicarbonate secretion. Factors that determine the relative fluxes are the relative concentration gradients and the relative permeabilities of these two ions. In both adults and neonate proximal convoluted and straight tubules, the P HCO3 /P Cl was far less than one indicating that chloride diffusion will occur to a far greater extent than back diffusion of bicarbonate. The net passive chloride flux is dependent on the chloride permeability. As in the rabbit, we find that the chloride permeability in both the rat proximal convoluted and straight tubule is less in the neonate than in adult (23, 27, 28) .
In this study, we characterized the maturational changes that occur in the permeability properties of the rat proximal tubule. Our results in the rat proximal straight tubule differ somewhat from what we have described in this segment in the rabbit (23) . Whereas there was a maturational increase in chloride permeability and decrease in tubular resistance in the proximal straight tubule of both species, the neonate rabbit proximal straight tubule had a higher P Na /P Cl and higher P HCO3 /P Cl than the adult segment, whereas these differences were not seen in the rat. The P Na /P Cl and P HCO3 /P Cl can affect passive solute flux as described above, and thus there are important species differences that could affect passive solute flux.
There were differences in the maturational changes that occurred in the rat proximal straight tubule and convoluted tubule. Whereas both segments showed a maturational increase in chloride permeability, only the proximal convoluted tubule had a difference in P Na /P Cl during development. Surprisingly, there was a maturational decrease in the resistance only in the proximal straight tubule, despite changes in chloride permeability in both segments. The reason why there was a maturational change in the proximal tubular chloride permeability but not in resistance in the rat proximal convoluted tubule is not immediately apparent. There must be another ion or ions that account for the current flow in the resistance experiments in the PCT. Because the P Na /P Cl in the PST is identical in the neonate and adult tubules, the neonate P Na is also likely lower in the neonate than the adult. Thus when resistance is measured, the resistance was found to be higher in the neonate tubules. However, in the PCT, the P Na /P Cl was higher in the neonate tubules, indicating that although the P Cl was lower in the neonate tubules, the P Na was probably not different between the neonate and adult tubules. Thus sodium may be the ion that carries the current in the PCT experiments, and, therefore, the resistance measurements were not different between the adult and neonate tubules.
This study, showing a maturational change in proximal tubule chloride permeability, may be of clinical significance. Premature neonates have significant renal salt wasting requiring NaCl supplements to prevent hyponatremia (1, 3, 4, 12) . Because the adult proximal tubule reabsorbs one-third of the filtered chloride via passive diffusion across the paracellular pathway (24) , a lower chloride permeability in the neonate proximal tubule may be a factor responsible for this renal salt wasting.
Kaskel et al. (17) have shown that there is no developmental difference in the width of the paracellular pathway or the length of the zona occludens. There was, however, an almost twofold maturational increase in the length of the paracellular pathway (17) . These anatomical factors may indeed be relatively minor compared with other factors that affect ion transport. The gatekeepers of the paracellular pathway have been identified as the tight junction proteins occludin and a family of proteins called claudins. Claudin 2 and occludin have been identified as tight junction proteins in the proximal tubule (11, 13, 21, 25) . Using immunoblot and immunohistochemistry, we have found in the rat that claudin 2 has a fourfold greater abundance in neonate proximal tubules than in adult tubules (16) . Claudin 2 is a cation-selective claudin (30) , which may account for the higher P Na /P Cl measured in the PCT of neonates. Occludin, on the other had, has a fourfold greater expression in adult tubules than in neonate tubules (16) . As speculation, it is possible that changes in claudin 2, occludin, or other proximal tubule tight junction proteins may account for the changes in paracellular properties found in this study.
